The compact genomes of viruses relative to those of other infectious agents restrict their ability to encode all proteins required to complete their replication cycles. To circumvent this limitation, viruses often utilize cellular factors or processes to complete essential steps in replication. One group of cellular proteins frequently targeted by viruses are cellular chaperones, which include a diverse set of heat shock proteins (hsps) that normally facilitate cellular protein translation, folding, trafficking, and degradation (18, 64) . The connection between viruses and cellular chaperones was originally identified in bacteria, where the Escherichia coli hsp40 and hsp70 homologues, encoded by dnaJ and dnaK, respectively, were identified as bacterial genes essential for bacteriophage DNA replication (62). Research over the past 30 years has further revealed the importance of cellular chaperones in viral replication, such that the list of virus-hsp connections is now quite extensive and includes viruses from numerous families with diverse genome structures (4, 6, 7, 16, 19, 20, 23, 25, 40, 41, 44, 51, 54, 60) . These studies have demonstrated the importance of cellular chaperones in multiple steps of the viral life cycle, including entry, viral protein translation, genome replication, encapsidation, and virion release. However, the list of virus-hsp connections is likely incomplete. Further studies to explore this particular host-pathogen interaction will shed light on virus replication mechanisms and pathogenesis, and potentially highlight targets for novel antiviral agents.
The compact genomes of viruses relative to those of other infectious agents restrict their ability to encode all proteins required to complete their replication cycles. To circumvent this limitation, viruses often utilize cellular factors or processes to complete essential steps in replication. One group of cellular proteins frequently targeted by viruses are cellular chaperones, which include a diverse set of heat shock proteins (hsps) that normally facilitate cellular protein translation, folding, trafficking, and degradation (18, 64) . The connection between viruses and cellular chaperones was originally identified in bacteria, where the Escherichia coli hsp40 and hsp70 homologues, encoded by dnaJ and dnaK, respectively, were identified as bacterial genes essential for bacteriophage DNA replication (62) . Research over the past 30 years has further revealed the importance of cellular chaperones in viral replication, such that the list of virus-hsp connections is now quite extensive and includes viruses from numerous families with diverse genome structures (4, 6, 7, 16, 19, 20, 23, 25, 40, 41, 44, 51, 54, 60) . These studies have demonstrated the importance of cellular chaperones in multiple steps of the viral life cycle, including entry, viral protein translation, genome replication, encapsidation, and virion release. However, the list of virus-hsp connections is likely incomplete. Further studies to explore this particular host-pathogen interaction will shed light on virus replication mechanisms and pathogenesis, and potentially highlight targets for novel antiviral agents.
To study the role of cellular chaperones in the genome replication of positive-sense RNA viruses, we use flock house virus (FHV), a natural insect pathogen and well-studied member of the Nodaviridae family. The FHV life cycle shares many common features with other positive-sense RNA viruses, including the membrane-specific targeting and assembly of functional RNA replication complexes (37, 38) , the exploitation of various cellular processes and host factors for viral replication (5, 23, 60) , and the induction of large-scale membrane rearrangements (24, 28, 38, 39) . FHV virions contain a copackaged bipartite genome consisting of RNA1 (3.1 kb) and RNA2 (1.4 kb), which encode protein A, the viral RNA-dependent RNA polymerase, and the structural capsid protein precursor, respectively (1) . During active genome replication, FHV produces a subgenomic RNA3 (0.4 kb), which encodes the RNA interference inhibitor protein B2 (12, 29, 32) . These viral characteristics make FHV an excellent model system to study many aspects of positive-sense RNA virus biology.
In addition to the benefits of a simple genome, FHV is able to establish robust RNA replication in a wide variety of genetically tractable eukaryotic hosts, including Drosophila melano-gaster (38) , Caenorhabditis elegans (32) , and Saccharomyces cerevisiae (46) . The budding yeast S. cerevisiae has been an exceptionally useful model host to study the mechanisms of viral RNA replication complex assembly and function with FHV (31, 37, 39, 45, 53, 55, 56, 60) as well as other positivesense RNA viruses (11) . The facile genetics of S. cerevisiae, along with the vast array of well-defined cellular and molecular tools and techniques, make it an ideal eukaryotic host for the identification of cellular factors required for positive-sense RNA virus replication. Furthermore, readily available yeast libraries with deletions and regulated expression of individual proteins have led to the completion of several high-throughput screens to provide a global survey of host factors that impact virus replication (26, 42, 52 ). An alternative approach with these yeast libraries that reduces the inherently high falsenegative rates associated with high-throughput screens is to focus on a select set of host genes associated with a particular cellular pathway, process, or location previously implicated in virus replication.
We have utilized such a targeted approach and focused on examining the impact of cytosolic chaperones on FHV RNA replication. Previously, we have shown that the cellular chaperone hsp90 facilitates protein A synthesis in Drosophila cells (5, 23) , and the hsp40 encoded by the yeast YDJ1 gene facilitates FHV RNA replication in yeast, in part through effects on both protein A accumulation and function (60) . In this report, we further extend these observations by examining FHV RNA accumulation in a panel of yeast strains with deletions of known or hypothesized cytosolic chaperones. We demonstrate that cytosolic chaperones can have either suppressive or enhancing effects on FHV RNA accumulation. In particular, related hsp70 members encoded by the SSA and SSB yeast chaperone families have marked and dramatically divergent effects on both genomic and subgenomic RNA accumulation and viral polymerase synthesis. These results highlight the complexities of the host-pathogen interactions that influence positive-sense RNA virus replication and identify the hsp70 family of cytosolic chaperones as key regulators of FHV replication.
MATERIALS AND METHODS
Yeast strains, transformation, and culture conditions. The parental wild-type diploid S. cerevisiae strain BY4743 (MATa/MAT␣ his3⌬1/his3⌬1 leu2⌬0/leu2⌬0 lys2⌬0/ϩ met15⌬0/ϩ ura3⌬0/ura3⌬0) and corresponding mutant strains with homozygous deletions of individual cytosolic chaperones (Table 1) were purchased from the American Type Culture Collection (Manassas, VA). Genotypes of BY4743-based deletion strains were verified by PCR. The ⌬ssa1 ⌬ssa2 strain MW123 (MAT␣ his3 leu2 lys2 ⌬trp2 ura3 ssa1::HIS3 ssa2::LEU2) and corresponding wild-type strain DS10 have been described previously (61) . The ⌬ssz1 strain IDA2 (MAT␣ ura3 leu2 his3 trp1 ade2 ssz1::LEU2), the ⌬ssb1 ⌬ssb2 strain IDA56A (MAT␣ ura3 leu2 his3 trp1 ade2 ssb1::kanR ssb2::HIS3), and the corresponding wild-type strain MH272-3f have also been described previously (14) . Yeast were transformed and cultured as previously described (60) .
Plasmids. Yeast plasmids pF1, pF1 fs , pFA-C/HA, and pGAL-LacZ/HA have been described previously (60) . Complementation plasmids encoding yeast J domain proteins (JDPs) were generated by moving open reading frames from a previously described panel of JDP expression plasmids (50) into a centromeric pRS416-based yeast shuttle vector that contains a constitutive GPD promoter. Yeast overexpression plasmids pSSA1, pZUO1, and pSSZ1 have been described previously (13, 61) .
Antibodies and reagents. Rabbit polyclonal antibodies against yeast Ssb1p and Ssz1p have been described previously (13, 14) . Rabbit polyclonal antibodies against the hemagglutinin (HA) epitope tag were purchased from Santa Cruz Biotechnology (Santa Cruz, CA), and mouse monoclonal antibodies against 3-phosphoglycerate kinase (Pgk1p) were purchased from Molecular Probes (Eugene, OR). All secondary antibodies for immunoblotting were purchased from Jackson Immunoresearch (West Grove, PA).
Immunoblot and Northern blot analysis. Total protein and RNA were isolated from equivalent numbers of yeast cells by post-alkaline extraction (27) and hot 
RESULTS
Targeted analysis of cellular cytosolic chaperones and their impact on FHV RNA accumulation in S. cerevisiae. We have previously shown that deletion of the hsp40 chaperone encoded by YDJ1 suppresses FHV RNA replication in yeast (60) . To further explore the impact of cellular chaperones on FHV RNA replication, we conducted a targeted analysis of RNA accumulation in yeast strains with homozygous deletions of genes encoding cytosolic proteins with a known or hypothesized chaperone function. We identified 34 yeast genes in the Saccharomyces Genome Database (www.yeastgenome.org) that encoded cytosolic chaperones (Table 1) . We have previously described results with yeast strains containing a deletion of YDJ1, SBA1, or STI1 (60); in addition, the chaperone encoded by SIS1 is essential, and therefore a homozygous deletion strain is not available. We transformed the remaining 30 yeast strains with pF1, which encodes an authentic FHV RNA1 replicon under the control of the inducible GAL1 promoter (37, 60) , induced the strains with galactose for 24 h, and measured cell growth by spectrophotometry and viral RNA accumulation by quantitative strand-specific Northern blotting. Due to the large number of strains, we have presented the results as quantitative increases or decreases in subgenomic RNA3 accumulation compared to that in wild-type BY4743 yeast and describe results centered on specific chaperone families (Table 1) .
(i) hsp90 family. The yeast hsp90 family consists of two functionally redundant genes, HSC82 and HSP82 (3). Deletion of either gene did not significantly alter FHV RNA3 accumulation. These results were consistent with the observation that deletion of STI1 or SBA1, two hsp90 chaperone complex component genes required for full activity (58), did not significantly alter FHV RNA replication in yeast (60) .
(ii) hsp70 family. The hsp70 family is a large family of chaperones in yeast, comprised of nine members, encoded by four SSA genes, two SSB genes, two SSE genes, and SSZ1. There is considerable functional redundancy in the hsp70 family, particularly in the SSA subfamily (61), and single deletions of SSA1, SSA2, SSA3, SSA4, SSB1, SSB2, SSE1, and SSE2 did not significantly alter FHV RNA3 accumulation from wildtype levels. However, deletion of SSZ1, which encodes an atypical hsp70 involved in translational fidelity as part of the ribosome-associated complex (RAC) (14) , resulted in a 30-to 40-fold increase in FHV RNA3 accumulation.
(iii) hsp40 family (JDPs). The hsp40 family members examined in this report were JDPs, so named due to the presence of a motif present in the E. coli hsp40 protein encoded by dnaJ (50, 57) . Often referred to as cochaperones, hsp40 JDPs associate with partner hsp70s and influence chaperone function, in part by stimulating hsp70 ATPase activity. We have previously shown that deletion of YDJ1, the most abundant JDP gene in the cell (50) , suppresses FHV RNA replication (60) . Additionally, deletion of the JDP encoded by APJ1 also resulted in decreased FHV RNA3 accumulation, whereas deletions of XDJ1, DJP1, SWA2, and JJJ3 had no effect. In contrast, deletion of JJJ1, JJJ2, or ZUO1 markedly increased FHV RNA3 accumulation, although cell doubling times were also slightly increased in ⌬jjj1 and ⌬zuo1 yeast strains. The dramatic increase in FHV RNA3 accumulation with ⌬zuo1 yeast was very similar to that observed in ⌬ssz1 yeast and was interesting in light of the observation that both Zuo1p and Ssz1p are RAC members involved in protein translation (14) .
(iv) Nascent polypeptide-associated complex family. In contrast to results with deletion of the translation-associated RAC members encoded by ZUO1 and SSZ1, deletions of EGD1, EGD2, and BTT1, which encode members of another chaperone complex associated with ribosomes called the nascent polypeptide-associated complex (48) , had minimal impact on FHV RNA3 accumulation.
(v) Miscellaneous. Deletion of the stress response chaperones encoded by HSP26, HSP42, and HSP104, which are involved in preventing aggregation or refolding proteins under stress conditions (17, 43, 49) , had no significant effect on FHV RNA3 accumulation. Similarly, deletion of the immunophilin gene CPR1 or CPR6 had no significant effect. In contrast, deletion of CPR7, which encodes an hsp90 complex-associated immunophilin related to the CPR6 gene product, but with distinct functional characteristics (35) , significantly increased FHV RNA3 accumulation. Finally, deletion of the chaperonin complex member encoded by GIM5, which is associated with microtubule biogenesis (15) , also caused a significant increase in FHV RNA3 accumulation, whereas deletion of the closely related GIM4 gene had a minimal effect.
Hsp40 JDPs have contrasting effects on FHV RNA accumulation. The majority of yeast strains with single deletions of known or hypothesized cytosolic chaperones had similar levels of FHV RNA3 accumulation compared to wild-type BY4743 yeast (Table 1) . However, results with hsp40 JDP deletion strains were particularly interesting because they revealed dramatic decreases (YDJ1 and APJ1) and increases (JJJ1, JJJ2, and ZUO1) in FHV RNA3 accumulation, and therefore we further explored this subset of cytosolic chaperones. To exclude potential confounding effects of JDP function on GAL1 promoter activity (10), we transformed select deletion strains with a GAL1 promoter-driven lacZ construct (pGAL-LacZ/HA) and measured ␤-galactosidase expression after galactose induction (Fig. 1A) . To also determine the effects of JDP deletions on FHV RNA polymerase expression independent of RNA replication, we examined parallel yeast strains transformed with pFA-C/HA, a GAL1 promoter-driven expression vector that produces a translation-optimized capped and polyadenylated mRNA encoding protein A that cannot function as a replication template (37, 60) . Yeast strains with deletions of JJJ1, JJJ2, SWA2, and ZUO1 had four-to eightfold increases in FHV protein A accumulation after galactose induction compared to wild-type BY4743 yeast, and the increase in protein A accu-mulation in ⌬zuo1 yeast was reversed by complementation with a Zuo1p expression plasmid (Fig. 1A, open bars) . The increases in FHV protein A accumulation in JDP deletion strains correlated with increases in RNA3 accumulation (Table 1) , with the exception of ⌬swa2 yeast. However, RNA3 accumulation was increased twofold in ⌬swa2 yeast, although the increase was not statistically significant (Table 1 ). In contrast to protein A accumulation, we saw an increase in ␤-galactosidase accumulation of only twofold or less in yeast strains with a deletion of JJJ2 or ZUO1 (Fig. 1A, hatched bars) . We also saw significant increases in FHV protein A accumulation in ⌬jjj2 and ⌬zuo1 yeast strains when we substituted the copper-inducible CUP1 promoter for the GAL1 promoter (Fig. 1B) . These results suggested that differences in GAL1 promoter activity in JDP deletion strains were not primarily responsible for the differences in FHV RNA3 accumulation observed with these strains (Table 1 ). In addition, they suggested that the increases in FHV RNA3 accumulation in ⌬jjj1, ⌬jjj2, and ⌬zuo1 strains were due in part to enhanced viral polymerase accumulation.
Yeast JDPs can be grouped into three classes based on the presence of common sequence and structural motifs, including the J domain motif, a glycine/phenylalanine-or glycine/methionine-rich motif, and a zinc finger motif (Fig. 2A) . The shared overlapping activities of JDPs allow for cross-complementation analyses to potentially reveal informative functional characteristics (50, 57) , an approach we used to further examine the impact of JDPs on FHV RNA accumulation. We generated a series of JDP overexpression plasmids by using a stable lowcopy-number centromeric backbone and a constitutive GPD promoter, cotransformed either ⌬ydj1 or ⌬zuo1 yeast with pF1 and individual JDP overexpression plasmids, induced the strains with galactose for 24 h, and examined FHV RNA accumulation by quantitative Northern blotting (Fig. 2B to D) . For studies with ⌬ydj1 yeast, induction was achieved with a galactose-raffinose combination, as this deletion strain has a severe growth defect when galactose is used as the sole carbon source (60) . There were no differences in growth rate under induction conditions for either deletion strain cross complemented with the various JDPs (data not shown). We assayed for cross complementation that would either increase or decrease FHV RNA accumulation in ⌬ydj1 (Fig. 2B) or ⌬zuo1 (Fig. 2C) Fig. 2B and D) . SIS1 encodes an essential protein that has been shown to regulate the SSA family of hsp70 chaperones and shares overlapping functions with Ydj1p (9, 22, 34) , whereas the function of Jjj2p is unknown. For ⌬zuo1 yeast, we observed significant decreases in viral RNA3 accumulation with plasmids encoding Zuo1p and Jjj1p (Fig. 2C and D) . JJJ1 encodes a protein that shares overlapping functions with Zuo1p, is involved in ribosomal biogenesis, and partially complements defects in cells lacking SSB family hsp70 chaperones (36) . Since basal expression levels vary greatly between individual JDPs (50) and since antibodies against the majority of them were not available, we could not definitively exclude differences in overexpression levels as a potential explanation for the ability of specific JDPs to functionally complement defects in ⌬ydj1 or ⌬zuo1 yeast. Nevertheless, the cross-complementation results suggested that the phenotypes of yeast strains lacking JDPs with respect to their ability to support FHV RNA accumulation were due, at least in part, to the activities of their partner hsp70s.
Deletion of the yeast hsp70 chaperones encoded by SSA1 and SSA2 suppresses FHV RNA accumulation. To directly examine the impact of hsp70 chaperones on FHV RNA accumulation in yeast and to eliminate the confounding effects of SSA family member redundancy (2, 61), we used the yeast strain MW123, which contains a codeletion of both the SSA1 and SSA2 genes (61). The SSA family has four members, all of which are Ͼ70% homologous to each other (2), but the SSA1 and SSA2 genes encode the most abundantly expressed hsp70s in yeast (61) . We transformed the ⌬ssa1 ⌬ssa2 strain and corresponding wild-type DS10 yeast with pF1, induced the strains with galactose for 24 h, and measured FHV RNA accumulation by Northern blotting (Fig. 3) . Deletion of both SSA1 and SSA2 resulted in a dramatic growth defect when galactose was used as the sole carbon source (data not shown), similar to the case with ⌬ydj1 yeast (60) . We therefore included raffinose during the induction period, as described above for cross-complementation studies with ⌬ydj1 yeast. Under galac- tose-raffinose induction conditions, there was no difference in doubling time between wild-type DS10 and ⌬ssa1 ⌬ssa2 yeast (17.5 Ϯ 1.9 and 17.3 Ϯ 1.5 h, respectively). However, deletion of both SSA1 and SSA2 reduced FHV RNA1 and RNA3 accumulation by 60 to 70% (Fig. 3A , lanes 6 and 7, and Fig. 3B ), which could be rescued by exogenous expression of Ssa1p (Fig.  3A, lanes 8 and 9, and Fig. 3B ). Furthermore, overexpression of Ssa1p in wild-type DS10 yeast enhanced FHV RNA accumulation approximately twofold (Fig. 3A , lanes 4 and 5, and Fig. 3B ). These results indicate that the hsp70 chaperones encoded by SSA1 and SSA2 are required for efficient FHV RNA accumulation in yeast. Deletion of the yeast hsp70 chaperones encoded by SSZ1 or SSB1/SSB2 enhances FHV RNA accumulation. We initially showed that deletion of SSZ1, which encodes an atypical hsp70 chaperone (14) , resulted in a 30-to 40-fold increase in FHV RNA3 accumulation in the BY4743 strain background (Table  1) . Furthermore, similar to results with ⌬zuo1 yeast (Fig. 1A) , ⌬ssz1 yeast had a 14.5-fold Ϯ 8.0-fold increase in protein A accumulation in cells transformed with pFA-C/HA 24 h after galactose induction. Both of these phenotypes were reversed to wild-type levels by expression of exogenous Ssz1p (data not shown). To further explore these observations and to determine whether the increased FHV RNA accumulation in ⌬zuo1 and ⌬ssz1 yeast strains was due in part to their roles as RAC partners for SSB family members, we used yeast strain IDA56A, which contains a codeletion of both the SSB1 and SSB2 genes on the MH272-3f background (14) . The hsp70s encoded by SSB1 and SSB2 are 99% identical (2) . Since the single deletion library was on the BY4743 background (Table  1) , we also examined yeast strain IDA2, which is a companion MH272-3f-based strain with a deletion of SSZ1 (14) . We transformed yeast strains with pF1, induced them with galactose and raffinose for 24 h, as ⌬ssb1 ⌬ssb2 yeast had a moderate to severe growth defect when galactose was used as the sole carbon source (data not shown), and measured FHV RNA accumulation by Northern blotting (Fig. 4) . The baseline FHV RNA accumulation in wild-type MH272-3f yeast (Fig. 4A , lanes 2 to 4) was lower than the levels seen previously in other yeast strains, which accentuated the dramatic increase in both RNA1 and RNA3 accumulation in ⌬ssz1 (Fig. 4A , lanes 5 and 6) and ⌬ssb1 ⌬ssb2 (Fig. 4A, lanes 7 and 8) and HLJ1 encode nonessential JDPs that localize to the nucleus (57) and endoplasmic reticulum (63) , respectively, and therefore ⌬caj1 and ⌬hlj1 yeast strains were not included in the initial cytosolic chaperone analysis (Table 1) observed 5-to 10-fold increases in RNA1 and 30-to 40-fold increases in RNA3 accumulation (Fig. 4B) . These results, in conjunction with the initial targeted chaperone analysis (Table  1) and cross-complementation studies (Fig. 2) , indicated that deletion of the RAC component Zuo1p or Ssz1p or the partner hsp70 chaperones Ssb1p and Ssb2p markedly enhanced FHV RNA accumulation. Deletions of the yeast hsp70 chaperones encoded by SSA1/ SSA2 and SSB1/SSB2 have divergent effects on FHV RNA polymerase synthesis. We found that deletion of JDPs encoded by JJJ1, JJJ2, SWA2, and ZUO1 increased FHV RNA polymerase accumulation even in the absence of RNA replication ( Fig. 1) and that deletion of YDJ1 also resulted in reduced protein A accumulation (60) . To determine whether the contrasting phenotypes of ⌬ssa1 ⌬ssa2 (Fig. 3 ) and ⌬ssb1 ⌬ssb2 (Fig. 4) yeast strains with respect to FHV RNA accumulation were due in part to reduced viral polymerase production, we transformed these mutant strains and the corresponding wild-type DS10 and MH272-3f yeast strains with pFA-C/HA, induced them with galactose-raffinose, and measured cell growth and the temporal appearance of full-length FHV RNA polymerase (Fig. 5) . There was no difference in the growth rates of ⌬ssa1 ⌬ssa2 and wild-type DS10 yeast strains (Fig. 5A, circles) , whereas ⌬ssb1 ⌬ssb2 yeast showed a slight decrease in cell growth between 12 and 24 h after induction compared to wild-type MH272-3f yeast (Fig. 5A, squares) . In both wild-type strains, full-length FHV protein A was first readily visible 8 h after induction (Fig. 5B, first and third blots) . Although protein A was also visible in ⌬ssa1 ⌬ssa2 yeast at this early time point, the level of accumulation was markedly reduced and remained at less than 40% of wild-type DS10 levels after 24 h (Fig. 5B, second blot, and Fig. 5C ). In contrast, protein A accumulation was readily visible in ⌬ssb1 ⌬ssb2 yeast 2 h after induction and peaked at levels that were Ͼ2-fold above the wild-type MH272-3f yeast level (Fig. 5B, fourth blot,  and Fig. 5C ). The decrease in FHV protein A accumulation in ⌬ssa1 ⌬ssa2 yeast was not due to globally suppressed GAL1 promoter activity, as published studies have demonstrated equivalent GAL1 promoter-driven expression of some viral proteins in MW123 (⌬ssa1 ⌬ssa2) and control wild-type yeast strains (59) . Furthermore, the increase in protein A accumulation in ⌬ssb1 ⌬ssb2 yeast was not due to enhanced GAL1 promoter activity, as ␤-galactosidase expression in ⌬ssb1 ⌬ssb2 yeast transformed with pGAL-LacZ/HA (Fig. 1A ) was similar to that in wild-type MH272-3f yeast at both 12 and 24 h after induction (86.7% Ϯ 8.3% and 111.0% Ϯ 13.4%, respectively; P Ͼ 0.25 for both). In addition, protein A accumulation in ⌬ssb1 ⌬ssb2 yeast was increased three-to fivefold compared to that in wild-type MH272-3f yeast when we used a CUP1 promoter-driven expression plasmid (Fig. 1B) (data not shown). Finally, we examined whether altered FHV protein A degradation in ⌬ssa1 ⌬ssa2 or ⌬ssb1 ⌬ssb2 yeast was responsible for the dramatic differences in polymerase accumulation. We transformed yeast strains with pFA-C/HA, induced them with galactose-raffinose for 24 h, subsequently incubated cells with 2% glucose to repress GAL1 promoter-driven transcription and with 100 g/ml cycloheximide to inhibit translation, and harvested cells 6 h later for analysis by immunoblotting. There were no significant differences in the fraction of protein A recovered after 6 h in ⌬ssa1 ⌬ssa2 (94.4% Ϯ 9.7%) or wildtype DS10 (88.6% Ϯ 3.8%) yeast (P ϭ 0.61). Similarly, protein A recovery in ⌬ssb1 ⌬ssb2 (97.0% Ϯ 1.0%) and wild-type MH272-3f (87.0% Ϯ 4.3%) yeast strains was not significantly different (P ϭ 0.09). These results indicated that the contrasting effects of the yeast hsp70 chaperones encoded by SSA1/ SSA2 and SSB1/SSB2 with respect to FHV RNA accumulation were due in part to divergent effects on viral polymerase synthesis.
DISCUSSION
In this report, we used a targeted genetic approach to examine the roles of cellular cytosolic chaperones in viral RNA replication. We identified several genes, including APJ1, CPR7, GIM5, JJJ1, JJJ2, SSZ1, and ZUO1, whose individual deletion significantly altered FHV RNA accumulation in S. cerevisiae. Interestingly, none of these genes were identified as encoding host factors that influenced viral RNA replication in the two published screens that examined the entire S. cerevisiae homozygous deletion library, which were conducted with replicon systems derived from the plant viruses brome mosaic virus (BMV) (26) and tomato bushy stunt virus (TBSV) (42) . This suggests that either dissimilar sets of genes may be involved in FHV, BMV, and TSBV RNA replication or the rigorous selection criteria that are employed in high-throughput genomic functional screens, which are necessary to reduce the number of false-positive results, also inadvertently eliminate potentially interesting genes. Both explanations are probably correct to some degree, which emphasizes that parallel and complementary approaches with different viruses are likely to provide the maximal amount of information to identify and characterize those cellular processes that are crucial for efficient positivesense RNA virus replication.
Despite the identification of different specific genes, the targeted analysis described in this report and published genome-wide analyses (21, 26, 42) had one similar and interesting characteristic: both approaches identified genes whose deletion either decreased or increased viral RNA replication. In the case of FHV and cytosolic chaperones, these opposite responses were particularly evident in the analysis of the hsp40 JDPs, where deletion of APJ1 or YDJ1 severely reduced, while deletion of JJJ1, JJJ2, or ZUO1 dramatically increased, FHV RNA accumulation. The JDP family of hsp40s are ubiquitous cellular proteins that function as coupling factors to stimulate the ATPase activity of a partner hsp70 during protein translation, folding, assembly, or transport (57). Although they share certain sequence and structural motifs, the family is quite diverse, such that there is some selectivity in the interactions of particular JDPs with unique hsp70s (57) . However, enough functional overlap exists that hsp70-JDP interactions can be analyzed and characterized as networks rather than specific individual protein-protein interactions (50) . The functional overlap of hsp70-JDP interactions facilitated interpretation of the FHV replication cross-complementation studies, where Sis1p overexpression rescued the viral RNA accumulation de- (9, 34, 36) . However, there was not always a direct correlation between previously identified JDP functions and FHV RNA accumulation cross-complementation results. For example, although deletion of JJJ2 resulted in enhanced FHV RNA accumulation, overexpression of Jjj2p rescued the RNA accumulation defect in ⌬ydj1 yeast but did not suppress the enhanced RNA accumulation in ⌬zuo1 yeast. In addition, APJ1 encodes a class I JDP similar to the YDJ1 gene product, ⌬apj1 yeast has a marked defect in FHV RNA accumulation similar to that in ⌬ydj1 yeast (60) , and Apj1p complements the growth defect of ⌬ydj1 yeast when expressed at high enough levels (50), but Apj1p overexpression did not rescue FHV RNA accumulation in ⌬ydj1 yeast. However, we cannot exclude the possibility that these contrasting crosscomplementation results were due in part to differences in Apj1p expression levels, as we used low-copy-number centromeric plasmids for JDP expression studies, whereas published growth phenotype studies (50) employed high-copy-number 2 plasmids. Nevertheless, these observations highlight the complexities of virus-chaperone interactions and suggest that further studies with FHV may help to define additional functional characteristics of cellular chaperone networks.
The observation that a Sis1p overexpression plasmid complemented the FHV RNA replication defect in ⌬ydj1 yeast was particularly enlightening. Sis1p shares overlapping cellular functions with Ydj1p (9, 22, 34) , and both JDPs have been shown to physically interact with SSA hsp70 family members in yeast (33) , which suggested that SSA family hsp70s may be involved in FHV RNA replication. Indeed, codeletion of both SSA1 and SSA2 resulted in a significant reduction in FHV RNA accumulation. These results were consistent with a series of studies showing the essential nature of yeast SSA family chaperones in the replication of two closely related tombusviruses, TSBV (44, 59 ) and cucumber necrosis virus (51), which suggests possible parallels in cellular chaperone requirements between unrelated viruses. In support of this hypothesis, the cochaperone encoded by JJJ1 has also been shown to influence TBSV replication (30) . However, the mechanisms whereby cellular chaperones facilitate viral RNA replication potentially differ between FHV and the tombusviruses. Overexpression of Jjj1p increases TBSV RNA accumulation (30) , whereas deletion of JJJ1 increased FHV RNA accumulation. In addition, deletion of SSA1 and SSA2 primarily alters tombusvirus replicase protein localization and membrane insertion rather than synthesis (59) , whereas codeletion of these two hsp70 chaperones suppressed FHV protein A accumulation without altering its posttranslational stability. This suggests that Ssa1p and Ssa2p facilitate translation of the FHV RNA polymerase, similar to the impact of hsp90 in Drosophila cells (5) . Furthermore, Ssa1p and Ssa2p physically interact with the tombusvirus replication complex (51) and are required for its in vitro assembly (44) , suggesting a direct mechanism of action. In contrast, we have not been able to demonstrate a physical interaction between yeast hsp70s and FHV protein A, despite repeated attempts under diverse conditions (S. Weeks The JDP and hsp70 analyses also revealed previously unreported suppressive effects of cellular chaperones on FHV RNA replication. The demonstration of enhanced viral RNA accumulation in yeast strains with single deletions of SSZ1 and ZUO1, the ability of Jjj1p overexpression to restore baseline levels of viral RNA accumulation in ⌬zuo1 yeast, and the enhanced accumulation in ⌬ssb1 ⌬ssb2 yeast all point toward an important role of the RAC/SSB yeast chaperone complex in FHV RNA replication. This heterotrimeric complex consists of the JDP Zuo1p, the atypical hsp70 Ssz1p, and the more typical hsp70s Ssb1p and Ssb2p (14) and is responsible for maintaining translational fidelity in yeast (47) . The mechanism whereby the RAC/SSB chaperone complex functions during FHV replication is unknown, but the marked increase in protein A accumulation associated with deletion of its components, in the absence of altered posttranslational stability, suggests an unidentified suppressor activity operative during viral polymerase synthesis. However, overexpression of Zuo1p or Ssz1p in wildtype BY4743 yeast did not reduce FHV RNA or protein A accumulation (W. Shield and D. Miller, unpublished results), which would suggest the absence of direct cellular chaperonemediated suppression. It is tempting to speculate that the increase in FHV protein A accumulation in RAC/SSB-deficient yeast is related to the role of this cellular chaperone complex in maintaining translation fidelity, where FHV RNA polymerase synthesis may be less sensitive to the normal cellular translational quality control mechanisms. Experimental systems to examine translation fidelity in both intact yeast cells and cell extracts in vitro are available (47) and can be used to directly test this intriguing hypothesis.
In summary, we have demonstrated that hsp70 chaperones can have contrasting effects on FHV RNA accumulation, in part due to their differential impact on viral RNA polymerase synthesis. Interestingly, many of the yeast genes identified in genome-wide screens with BMV (26) and TBSV (21, 42) replicons that altered viral replication encode ribosomal proteins or cellular components directly involved in protein translation, which reinforces the concept that hijacking or actively manipulating the cellular translation apparatus is a common and likely crucial attribute of positive-sense RNA viruses (8) .
